INTRODUCTION
Cyanobacteria are widely distributed and can form dense blooms in lakes and reservoirs in both temperate, subtropical, and tropical regions (Willén et al. 2011) . Many species of cyanobacteria produce toxic compounds, which have been shown to cause serious blooms of cyanobacteria may be the consequence of aquaculture production, since fish excreta and unassimilated feed can introduce eutrophic or hypereutrophic conditions into intensively operated fish farms (Smith et al. 2008) . Many species of cyanobacteria are known to produce toxins. Among identified toxins are hepatotoxins (e.g. microcystins and nodularins), cytotoxins (e.g. cylindrospermopsin), neurotoxins (e.g. anatoxins and paralytic shellfish poisoning [PSP] toxins), dermatoxins, tumor promotors, irritant toxins, etc. (Smith et al. 2008) . The hepatotoxins in particular remain in the flesh of aquatic animals for weeks after intake (Eriksson et al. 1989 , Soares et al. 2004 , Smith & Haney 2006 . Microcystins are toxic to fish by inhibiting protein phosphatases, leading to oxidative stress, reduced growth rates, and tumor promotion (Malbrouck & Kestemont 2006 , Smith et al. 2008 . Although fish accumulate microcystin mainly in the liver, they also accumulate it in muscle tissue and viscera, which is a risk to humans who eat the fish (Magalhães et al. 2001 , Soares et al. 2004 . In some cases, the dietary intake values of microcystins in fish have been found to be above the limits determined by international legislations (Hauser-Davis et al. 2015 , Gurbuz et al. 2016 . In humans, microcystin may also promote cancer due to chronic exposure to low microcystin concentrations in drinking water and probably also from eating fish (Ueno et al. 1996 , Zhou et al. 2002 . In aquaculture production, microcystins are reported to cause fish mortality after the ingestion of cyanobacteria (Smith et al. 2008) . Due to the intensified use of lakes and rivers for aquaculture production, there is a growing need for simple, yet accurate and precise analytical methods for monitoring the extent and species composition of algal blooms and for predicting the risk of toxic cyanobacteria.
The co-occurrence of different cyanobacterial species producing different toxins in lakes and reservoirs makes the prediction of toxin occurrence difficult. However, microcystins appear to contribute to more than 90% of the cyanotoxins detected in northern and middle European waters (Spoof et al. 2010) , and microcystins also appear to be dominant toxins in many other parts of the world (Willén et al. 2011 , Sant'Anna et al. 2008 . Microcystins consist of 3 dominant toxin variants: the arginine-containing microcystins (MC)-RR, MC-YR, and MC-LR, with different degrees of methylation (Spoof et al. 2010 ). Many methods have been developed to detect microcystins, including the protein phosphatase inhibition assay, enzyme linked immunosorbent assay (ELISA), polymerase chain reaction (PCR), and various high performance liquid chromatography (HPLC) methods (Meriluoto et al. 2017) . Among these methods, HPLC is the most commonly used analytical method, since it is fast and can detect several different microcystins at a detection limit well below the 1 µg l −1 limit for microcystins in drinking water published by the World Health Organization (WHO 1998) .
Phytoplankton pigment analyses is a complementary method to traditional microscopy and is widely used in determining the composition and biomass of phytoplankton groups in both marine and in freshwater (Roy et al. 2011) . Diagnostic pigments for specific algal groups, e.g. in natural waters, can be detected and quantified by HPLC at a low detection limit. The composition and chlorophyll a (chl a) biomasses of the algal classes can be calculated using, for example, the CHEMTAX program . With this approach, cyanobacteria can be identified and quantified by their specific pigments in freshwater (Schlüter et al. 2006 , Descy 2017 .
The concentration of carotenoids and chl a in phyto plankton are influenced by irradiance and nutrient limitation, and photosynthetically active pigments co-vary with chl a under conditions of changing irradiance, while light protecting pigments generally increase in relation to chl a during periods of increasing light and/or nutrient starvation (Schlüter et al. 2006) . In the present study, the content of pigments and microcystins in several different strains of cyanobacteria cultured under different growth conditions was investigated using HPLC, to determine the influence of different light intensities and nutrient starvation on pigment/chl a ratios and on the toxin content. Pigment/chl a ratios were tested using the CHEMTAX program to calculate the biomass (as chl a) of cyanobacteria and other phytoplankton groups to evaluate the method for determining presence of toxic cyanobacteria at 6 fish farms in different Brazilian freshwater reservoirs. We hypothesized that, for the early warning of toxic cyanobacteria in freshwater reservoirs used for aquaculture, pigment analyses can provide fast and reliable results on the presence of cyanobacteria, and the method can be used to identify the risk of toxic cyanobacteria. Cultures were grown at 3 different light intensities using Pope fluorescent tubes: low (LL), medium (ML) and high light (HL) as described in Schlüter et al. (2006) . Briefly, the light intensity at LL, ML, and HL was 4, 125, and 275 µmol E m −2 s −1
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, respectively. Cultures were maintained as semi-continuous batch cultures by daily replacing up to 50% of the algae culture with fresh medium to reach the initial cell density. Cultures were grown for 4 d to ensure acclimation to the given light intensity, and were harvested by filtering replicate 50 to 150 ml subsamples on Whatman GF/C filters that were frozen instantly in liquid nitrogen. In order to test the effect of nutrient limitation, the ML cultures were not diluted until cell division ended (stationary growth, SG), at which point samples were also filtered. Samples for pigment analyses and microcystin analyses were extracted and analysed as described in the 'Pigment analysis' section.
Sampling in reservoirs with fish farms
Four sampling campaigns were carried out at fish farms with Nile tilapia Oreochromis niloticus in 3 reservoirs, built for water storage for hydroelectric power plants, in southeastern Brazil: Chavantes (1 farm, F1 with 2 farm areas, 1a and 1b; 23°08' 33.9" S, 49°34' 24.7" W), Ilha Solteira (2 farms: F5 and F6; 20°18' 46.2" S, 51°10' 24.0"W), and Nova Avanhandava (3 farms: F2, F3, and F4; 21°08' 24.0" S, 50°08' 20.5"W) (Fig. 1) . Two seasons were sampled twice: the beginning of spring and early autumn on the following dates: 30 October to 6 November 2014; 9 to 14 March 2015; 28 September to 3 October 2015; and 7 to 12 March 2016. Samples were taken at 3 points: upstream of the fish farms, inside the fish farms, and downstream of the fish farms, at a depth of 1 m using a Van Dorn water sampler. Farm F3 is located up stream to fish farm F4 in Nova Avanhandava, and consequently only one upstream and one downstream sample were taken for the 2 fish farms (i.e. F3+F4). For microscopic counting, the samples were preserved in acetic Lugol aqueous solution (1%). For pigment and microcystin analyses, subsamples were filtered on Whatman GF/F filters, immediately frozen in liquid nitrogen, and kept frozen until analysis by HPLC as described in the 'Pigment analysis' section.
Microscopy
Quantitative analysis of phytoplankton followed the Utermöhl (1958) method using an inverted microscope and sedimentation chambers of 10 or 25 ml, de - pending on the phytoplankton density in each sample. Sedimentation time was 4 h cm -1 (Lund et al. 1958) . A counting limit was established through the species-rarefying curve and until reaching 100 individuals of the most common species. Phytoplankton was identified ac cording to Bicudo & Menezes (2017) , Sant'Anna et al. (1989) , Tucci et al. (2006) and references therein. Each cell, filament or colony was regarded as one individual and estimated as organisms (org.) ml −1 following UNESCO (2010) guidelines.
Pigment analysis
Filters for pigment analysis were extracted in 3 ml 95% acetone with vitamin E acetate as an internal standard. The filters were sonicated in an ice-cool sonication bath for 10 min, extracted further at 4°C for 20 h and mixed using a vortex mixer for 10 s. The filters and cell debris were filtered from the extracts into HPLC vials using disposable syringes and 0.2 µm Teflon syringe filters. Pigment analyses were carried out according to Schlüter et al. (2016) using the Van Heukelem & Thomas (2001) method, but with an adjusted pump gradient to optimise the pigment resolution. More than 30 different phytoplankton caro tenoids and chlorophylls can be detected. The HPLC was a Shimadzu LC-10ADVP HPLC system composed of one pump (LC-10ADVP), a photodiode ar ray detector (SPD-M10AVP), a SCL-10ADVP system controller with Lab Solution software, a temperature controlled auto sampler (SIL-10ADVP) (set at 4°C), a column oven (CTO-10ASVP), and a degasser (ERC 3415a). The HPLC system was calibrated using pigment standards from DHI Lab Products. Peak identities were routinely confirmed by online photo diode array analysis.
Toxin analysis
Filters for toxin analyses were thawed and frozen 3 times, excess water was drained briefly between absorbing paper, and extracted in 1.0 ml 75% methanol (MeOH) with vitamin E acetate as an internal standard to adjust for residual water in the filter and solvent evaporation. The filters were sonicated on ice with a Sonics VCX 750W sonicator in pulse mode at a 40% duty cycle for 1 min with a 4-element probe allowing simultaneous sonication of 4 samples. This step was repeated 3 times; the sonicator was cleaned in 75% MeOH and dried in between each sonication. After each sonication step, the extracts were centrifuged at 10 000 × g for 10 min, the supernatants (0.6 ml) were withdrawn, and 0.6 ml extraction solvent was added. The combined supernatants (1.8 ml in total) were evaporated to dryness at 60°C in a stream of nitrogen, dissolved in 0.4 ml 75% MeOH, and finally re-filtered through 0.2 µm Teflon syringe filters into HPLC vials. The HPLC was a Shimadzu LC-10ADVP system with 2 pumps (LC-10AS), an auto sampler (set at 4°C), and a column oven (set at 40°C). The column was a Synergy, 4 µm Fusion-RP Phenomenex, 150 × 4.6 mm with a pre-column. The mobile phases were 0.05% aqueous trifluoro-acetic acid (TFA) (solvent A) and 0.05% TFA in acetonitrile (solvent B). The gradient program was as follows: 0 min, 25% B; 5 min, 60% B; 10.5 min, 100% B; 15 min, 100% B; 16 min, 25% B; 23 min, stop; with a flow rate of 1.3 ml min −1 and an injection volume of 50 µl. The internal standard eluted after about 15 min and did not co-elute with the microcystins. The HPLC was calibrated using microcystin standards from DHI Lab Products, and toxins were quantified at 238 nm. Microcystins were detected by their retention times and absorption spectra by diode array detection operated between 200 and 300 nm. The internal standard was analysed 4 times for each set of extracted filters and was used to correct the variation in extraction solvent volumes due to the extracting procedure.
The biomass in units of chl a of the individual phytoplankton groups detected by the pigments was calculated by CHEMTAX v.1.95 . The dataset of the natural samples was divided into 2 groups: samples with chl a > 10 µg l −1 (n = 25) and samples with chl a < 10 µg l −1 (n = 42). The initial pigment/chl a ratios used in the CHEM-TAX program were from ML-treated cyanobacteria (see Table 1 ). ML pigment ratios were chosen as a compromise, since the samples were taken in 1 m depth, where light is reduced but usually not limiting for phytoplankton. ML ratios for the other phytoplankton groups developed for mesotrophic/ eutrophic lakes were from Schlüter et al. (2006) .
RESULTS
Pigment/chl a ratios in cultures
Chl a, zeaxanthin, myxoxanthophyll 2, and β-carotene were present in all cultured strains while echinenone, canthaxanthin, and β-cryptoxanthin were present in most strains (Table 1) . Furthermore, oscillaxanthin, aphanizophyll, nostoxanthin, caloxanthin, and myxoxanthophyll 1 were occasionally present. The ratios of the different pigments to chl a were affected by light intensity and most ratios in creased from LL to HL, although some of the pigment ratios were relatively constant or even decreased at increased light, e.g. β-carotene/chl a in Dolichospermum circinale and Microcystis aeruginosa PCC-7820 (Table 1) . The pigment/chl a ratios of cultures, which had turned into SG phase, were generally within the range of ratios in the light treatment, but occasionally higher than those found for HL-treated cultures (Table 1) .
Toxin content in cultures
In total, 5 of the cultured strains produced microcystins at concentrations above the detection limit of approx. 0.02 µg l −1 : Planktothrix cf. agardhii K-0546, P. rubescens K-0569, Microcystis aeruginosa NIES-107, Micro cystis sp. PCC-7820, and the Microcystis sp. isolate from the Brazilian reservoirs. Eight different microcystins were detected: MC-LR, MC-YR, MC-RR, demethylated (DM) MC-LR, DM MC-RR, MC-LY, MC-LF and MC-LW. The density of the cultures varied slightly, and the concentration of the different microcystins is depicted in relation to chl a in order to compare the content of microcystins of the different strains (Fig. 2) . MC-LR was the only toxin produced by all 5 strains. The relative content of microcystins generally increased from LL to HL and a further increase was seen for most microcystins in strains, which had turned into SG phase except for Micro cystis sp. isolated from the Brazilian reservoirs, and for some of the MCs produced by Microcystis sp. PCC-7820.
Phytoplankton in the reservoirs determined by pigments
The pigment analyses of the natural samples revealed the presence of cyanobacteria detected by myxoxanthophyll 2, echinenone, and canthaxanthin in most samples, always zeaxanthin, and occasionally aphanizophyll and myxoxanthophyll 1. Chlorophytes (including euglenophytes) were detected by chl b, lutein, violaxanthin, and in most samples neoxanthin, and cryptophytes were revealed by alloxanthin. Fucoxanthin, chl c 1 , and chl c 2 showed the presence of diatoms and possibly chrysophytes, while peridinin and 19'-hexanoyloxyfucoxanthin were occasionally detected in low concentrations showing some presence of dinoflagellates and haptophytes, respectively. The results from microscopy (see below) generally confirmed the presence of these groups. The zeaxanthin concentrations were relatively high in the reservoirs and myxoxanthophyll 2/zeaxanthin, echinenone/zeaxanthin, and canthaxanthin/zeaxanthin ratios were 0.28, 0.14, and 0.02 (average of all samples). The same ratios calculated for the cultured strains were generally much higher; on average up to 2.01, 0.30, and 0.11, respectively (calculated from Table 1), which indicated that zeaxanthin-containing cyanobacteria without myxoxanthophyll, echinenone, and canthaxanthin, e.g. Synechococcus sp. (Schlüter et al. 2006 , Descy 2017 , were present in the reservoirs. Consequently, 7 phyto plankton groups were identified and loaded into the CHEMTAX program: cyanobacteria with echinenone, myxoxanthophyll 1, and zeaxanthin, which were mostly filamentous/colony-forming, and another group of cyanobacteria with zeaxanthin only, which were mostly coccoid/pico-sized. Fish farms F1, F5, and F6 had a chl a biomass of <10 µg chl a l −1 at all samplings, on average 3.6, 3.1, and 4.1 µg chl a l −1 , respectively. Fish farms F2 and F3+F4 had markedly higher average chl a concentrations of 25.6 and 22.2 µg chl a l −1 , respectively, partly due to 2 diatom blooms in the spring of 2015 (Fig. 3) . The CHEMTAX calculations showed that cyanobacteria generally dominated in all reservoirs during all seasons, except during the diatom spring bloom in F2 and F3+F4 (Fig. 3) . However, in F6, chlorophytes tended to dominate when the total biomass was lowest in spring 2014 and autumn 2015. Cyanobacteria constituted on average 44% of the phytoplankton chl a biomass in F6 in all seasons (Table 2 ). In the remaining reservoirs, cyanobacteria constituted 62 to 65% of the chl a biomass (Table 2) . If we disregard the diatom blooms, which seemed to be super imposed on the phytoplankton populations in spring 2015, cyanobacteria were on average 74 and 71% of the phytoplankton chl a biomass in F2 and F3+F4, respectively, which had the highest phytoplankton abundan ces. Regression analysis showed that cyanobacteria chl a biomass was significantly correlated with total chl a (r = 0.38, p < 0.01). Apart from cyanobacteria, chlorophytes and cryptophytes were also generally always present and constituted an im portant fraction of the phytoplankton populations, particularly in the reservoirs with lower chl a concentrations. Dino flagellates and haptophytes never at tained significant biomasses in any of the reservoirs (Fig. 3) .
Microscopy identification of phytoplankton in the reservoirs
The microscopy cell counting supported the findings that cyanobacteria in general were present at all samplings and reached high numbers of organisms, especially in F2, F3+F4, and F5 (Fig. 4) . Beside the genera isolated from the reservoirs, more than 40 different species of cyanobacteria were identified in cluding most of the cultured species, e.g. M. aeruginosa, Planktothrix sp., and Cylindrospermopsis raciborskii. Cryptophytes were generally also present in quite high numbers, especially in F1 and F6 (Fig. 4) , with 2 species dominating: Cryptomonas brasiliensis and Rhodomonas lacustris. Furthermore, chlorophytes (including Zygnematophyceae, Euglenophyceae, and Trebouxiophyceae) were present in all reservoirs with more than 50 species identified, but the numbers of the individual species were often low. As found using the pigment method, diatoms were present in large numbers in spring 2015 in F2 and F3+F4 (Fig. 4) where Fragilaria sp. dominated. The chl a biomasses determined by the pigment method of cyanobacteria (sum of filamentous/colony forming and coccoid/pico-sized cyanobacteria), cryptophytes, chlorophytes, and diatoms were significantly correlated with the organism numbers of the respective groups counted in the microscope (r = 0.52, p < 0.001; r = 0.46, p < 0.001; r = 0.38, p < 0.01; and r = 0.86, p < 0.001, respectively).
Effect of fish farms on phytoplankton communities and toxin composition
The fish farms affected the phytoplankton biomasses (determined by the pigment method) differently. In some sampling periods, total phytoplankton biomass was higher upstream, declined inside the fish farms and then increased downstream. This was observed for F5 in both autumn and spring 2015 and by both pigment analysis and microscopy (Figs. 3  & 4) , where particularly the colony forming/filamentous cyanobacteria decreased inside the fish farms. In fact, cyanobacteria were found to decrease inside the fish farms in most samplings (Table 2) . However, statistical analyses (t-test, paired samples) showed that the fish farms did not have a significant impact on the biomass nor the organism numbers of any of the phytoplankton groups (data not shown).
Microcystins were detected in all the reservoirs. MC-LR was typically the most abundant toxin and was present in all samples where microcystins were detected. An exception was fish farms F3+F4, where MC-RR was dominant in autumn 2016 (Fig. 5) . In addition, MC-YR was generally also present. The total concentrations of microcystins were significantly correlated with the total chl a concentration of cyanobacteria (r = 0.73, p < 0.01; Fig. 6 ). Furthermore, the total concentrations of microcystins were significantly correlated with the chl a biomasses of the filamentous/colony forming cyanobacteria (r = 0.70, p < 0.01), and with the biomasses of coccoid/ pico-sized cyanobacteria, although with a weaker cor relation (r = 0.26, p = 0.039). 
DISCUSSION
Cyanobacteria in Brazilian water reservoirs
The most common freshwater bloom-forming cyanobacteria genera in Brazil are Microcystis, Dolichospermum, Aphanizomenon, Planktothrix, and Cylindrospermopsis (de Carvalho et al. 2008) . Among these, toxic cyanobacteria have been shown to be represented by more than 30 species (Sant'Anna et al. 2008 ). Many of these toxic species were detected in the different reservoirs with fish farms in the present study. Besides the 3 cyanobacteria isolated in the reservoirs (Radiocystis sp., Pseudanabaena sp., and Microcystis sp.; Table 1 ), all the cultured genera were detected in the reservoirs.
Pigments for chemotaxonomic analysis
Ideally, pigment ratios for the CHEMTAX program for calculating the chl a biomasses of the individual groups should be obtained from cultures collected at the study site (Higgins et al. 2011) . Because of this, pigment/chl a ratios were determined here for both known cyanobacterial genera in the Brazilian reservoirs (which were isolated and cultured) as well as for the new isolates from reservoirs (Table 1) , since cyanobacteria were overall the most abundant group in the reservoirs. The pigment content and pigment/ chl a ratios of the cultured cyanobacteria were within the range of earlier studies of other species of freshwater cyanobacteria (Schlüter et al. 2006 , Lauridsen et al. 2011 . Pigment/chl a ratios were affected by the growth conditions, especially light intensity. The ratios increased from low to high light ( Table 1 ) and confirm that the carotenoids of cyanobacteria are part of the light protection of the photosynthetic apparatus in the cells (Takaichi & Mochimaru 2007 , Mehnert et al. 2012 . Apart from β-carotene and zeaxanthin, all pigments identified in the different strains of cyanobacteria are diagnostic pigments specific to cyanobacteria: echinenone, canthaxanthin, myxoxanthophyll 1 and 2 (2 myxol glycosides, where the sugar moieties have not been determined; Takaichi & Mochimaru 2007) , aphanizophyll, etc. (Table 1 ). For chemotaxonomy, these specific pigments are valuable since determination of the presence of cyanobacteria based on the pigment compositions becomes conclusive.
Echinenone and myxoxanthophyll 2 are the most important pigments for detecting cyanobacteria in freshwater, because they occur in all the cultured cyanobacteria and are universally detected in many other species of cyanobacteria (Goodwin 1980 , Rowan 1989 , Roy et al. 2011 ). However, the coccoid/ pico-sized cyanobacteria (e.g. Synechococcus sp.) only contain zeaxanthin (Schlüter et al. 2006 , Descy 2017 . When coccoid/pico-sized cyanobacteria are abundant, the zeaxanthin concentration may dominate the cyano-pigment composition and indicate a high abundance of these cyanobacteria, as found in the present study. Especially in F1 and F6, when chl a biomasses were low, these cyanobacteria constituted an important fraction of the cyanobacteria.
Pigment analysis versus microscopy for characterization of phytoplankton communities
The abundance of cyanobacteria and other phytoplankton groups, determined by the pigment method, correlated significantly with organism number per volume determined by microscopy. However, each cyanobacteria colony/filament was counted as a single organism, despite the fact that chains and colonies were often present, and therefore chl a biomasses and organism numbers will not necessarily correlate. The results from the 2 methods in Figs. 3 Upstream  51  87  81  45  59  65  Fish farm  56  87  83  47  64  67  F1-1b  45  -69  --57  Downstream na  80  73  49  61  66   Average  62  65  62  64  44  60   Table 2 . Percentage of cyanobacteria (both filamentous/ colony forming and coccoid/pico-sized) in relation to the total phytoplankton chl a biomass at the different fish farms (F1 to F6; two farm areas, 1a and 1b, within F1 given as 'Fish farm' and 'F1-1b', respectively). -: not applicable; na: not available 6.00 7.00 ) counted by microscope at the different fish farms (F1 to F6; two farm areas, 1a and 1b, within F1) in the different seasons indicated be low the x-axes. U: upstream; FF: fish farm; D: downstream occasionally became uncoupled due to the inconsistent relationship between organism numbers and chl a for the different groups. Cryptophytes determined by microscopy seemed to be the largest group, especially in the 2 reservoirs with low chl a (F1 and F6), when determined by microscopy (Fig. 4) . The 2 dominating species in these reservoirs, Cryptomonas brasiliensis and Rhodomonas lacustris, are single cells of a relatively small size, 6 to 10 µm, which have been found to dominate in turbulent and oligotrophic environments of other Brazilian reservoirs (Rosini et al. 2016) . Furthermore, the most abundant diatom (Fragilaria sp.) found in F2 and F3+F4 forms colonies of many cells, which caused a discrepancy in organism numbers and chl a biomass of the diatoms (Figs. 3 & 4) . Unlike microscopy, pigment analyses by HPLC have the advantage of being fast and reproducible, and taxonomical expertise is not required. Furthermore, all phytoplankton cells, including the picosized cells that cannot be identified using standard microscopy methods (e.g. inverted microscopy as applied in the present study), are included by the pigment method (Zapata 2005) . Because small and overlooked species may be ignored by microscopy, actual species diversity may be more accurately determined by pigment analysis. This was confirmed by analysis of phytoplankton species in more than 40 lakes, where a higher Shannon's diversity index was determined by pigment analyses than by microscopy counting (Schlüter et al. 2016 ). An additional advantage of the pigment method is that rare species in low densities can be identified but may be overlooked by microscopy. In the present study, minor concentrations of diagnostic pigments from haptophytes and dinoflagellates, 19'-hexanoyloxy-fucoxanthin and peridinin, were occasionally detected using the pigment method, showing that few cells from these groups were present (Fig. 3 ), but they were not detected in the smaller volume examined under the microscope.
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Identification of single species by pigment analysis
Typically, the HPLC method is considered applicable for determining only groups or classes of phytoplankton, but in a few cases the method has been used to determine presence of species. For example, the toxic species of cyanobacteria in the Baltic Sea, Nodularia spumigena, contains a rare and unique pigment, 4-keto-myxoxanthophyll, which can be used as a diagnostic pigment for the early warning of blooms of this cyanobacterium in the Baltic Sea (Schlüter et al. 2004) . Likewise, the pigment gyroxanthin-diester has been shown to be a useful diagnostic pigment for the toxic dinoflagellate Karenia brevis forming large blooms in coastal areas (Millie et al. 1997 (Millie et al. , Örnólfsdóttir et al. 2003 . In the present study, both the microcystin-producing and the nonmicrocystin-producing strains of cyanobacteria contained the pigments myxoxanthophyll 2 and echinenone, as well as other cyanobacteria pigments, but none of these diagnostic pigments were found to indicate presence of microcystins.
Cyanobacterial dominance in phytoplankton in the Brazilian reservoirs
In eutrophic temperate lakes, cyanobacteria usually dominate the phytoplankton community (Watson et al. 1997 , Søndergaard et al. 2005 , and this seems to be even more pronounced in subtropical and tropical areas, where bloom-forming cyanobacteria can proceed at relatively lower nutrient input rates and concentrations (Kosten et al. 2012 , Pearl & Paul 2012 . In the studied Brazilian reservoirs, cyanobacteria constituted an increasing abundance of the phytoplankton populations at increasing chl a biomass (Table 2 , Fig. 3) ; up to 75% of the chl a biomass in F2 and F3+F4 could be related to cyanobacteria, if disregarding the diatom blooms encountered in spring 2015. The abundance of cyanobacteria co- varied with the concentration of microcystin in the water, as confirmed by the positive correlation between concentrations of chl a and microcystins (Fig. 6) showing that with an increasing abundance of cyanobacteria, the risk of toxin-producing cyanobacteria increases. Furthermore, our pigment analyses indicated that the microcystin concentrations could be ascribed mainly to the filamentous/colonyforming cyanobacteria in the reservoirs.
Cyanobacterial toxins versus fish health
Total phytoplankton biomasses, and especially the bio masses of the filamentous/colony forming cyanobacteria in the reservoirs, were often higher upstream, then declined inside the fish farms, and frequently increased again downstream (Fig. 3) . A decline inside the fish farms indicates that the fish intendedly or unintendedly grazed on phytoplankton, i.e. phytoplankton accidentally consumed with fish feed pellets (Smith et al. 2008) . Tilapia is a planktivorous species that has been shown to inevitably ingest microcystin when microcystin-producing cyanobacteria are present; the microcystins tend to accumulate in the liver, viscera, and muscle tissue of the fish (Magalhães et al. 2001 , Mohamed et al. 2003 , Zhao et al. 2006 . Several studies have reported accumulation of the hepatotoxin in edible tissues at levels that exceed WHO guidelines for tolerable daily intake of 0.04 µg kg −1 body weight d −1 (WHO 1998), assuming that 100 to 300 g of fresh weight tissue is consumed. This suggests that human intoxication is plausible (Smith et al. 2008) .
Tilapia feeding on natural phytoplankton have been shown to accumulate microcystin in liver and muscle tissue even at concentrations below 1 µg l −1 (Deblois et al. 2008) . In the present reservoirs, concentrations of microcystin frequently exceeded this concentration (up to 6.5 µg l −1 was found in F2 and F3+F4), suggesting that tilapia in the farms potentially accumulated microcystin. However, statistical tests showed that the cyanobacterial biomass was not reduced during passage of water in the farms, suggesting absence or minor intake of cyanobacteria by tilapia (Table 2 ). This was supported by lack of declining concentrations of microcystin downstream of the farms (Fig. 5) . The actual concentrations of microcystin and other cyanotoxins in the fish were not determined in this study. It is possible that because the fish were fed in the cages, the intake of cyanotoxins in the farms may have been low, but that would require further analyses.
Microcystin production by cultures
Five of the cyanobacteria cultured produced different microcystins (Fig. 2) , and MC-LR, which is the most common microcystin (Dawson 1998) , was always present. Besides MC-LR, the most common microcystins detected were MC-RR and MC-YR at 14 different locations in Finland (Spoof et al. 2003) , which agrees with the findings in the present study. Several of the cultured species did not produce microcystins, although they have previously been reported to produce microcystin, e.g. Dolichospermum circinale, Microcystis botrys and M. aeruginosa (Sant'Anna et al. 2008) . For Microcystis, this observation may reflect that natural populations can include phenotypically identical toxic and non-toxic genotypes (Kurmayer et al. 2002 , Ouellette et al. 2006 . Light intensity may also control the toxin production. For example, Kaebernick et al. (2000) found increased levels of microcystin transcripts under illumination with > 31 µmol photons m −2 s −1
. This light dependence of microcystin production was confirmed in the present study, where the relative amount of microcystins (MC/chl a) generally increased from LL (approx. 4 µmol photons m −2 s −1
) to HL (Fig. 2) . When the growth turned into the SG phase due to nutrient limitation, MCs/chl a were often higher than when nutrients were not limiting, indicating that the microcystin production is also controlled by nutritional conditions. This is supported by previous observations, although contradictory results on the influence of nutrients on microcystin production have been reported (Neilan et al. 2013 , Boopathi & Ki 2014 , and shows that the toxin production is difficult to predict and is influenced by many factors.
Early warning of toxic cyanobacteria
There is an increasing need to detect presence of toxin-producing cyanobacteria at an early stage (Codd et al. 2005) . Here, the significant relationship between microcystins and the chl a biomass of cyano bacteria showed that the pigment method could detect toxic cyanobacteria in the Brazilian reservoirs. At low chl a levels and when the phytoplankton populations were diverse and pigments showed that chlorophytes and cryptophytes comprised a relatively large part of the phytoplankton, the concentrations of microcystin were generally low. When the chl a biomass of cyanobacteria exceeded 4 µg l −1 , microcystins were always present, and at approx. 6 µg cyanobacterial chl a l −1 the concentra-tion of microcystins exceeded 1 µg l −1 (WHO limit for the content of MC-LR in drinking water; WHO 1998). This microcystin concentration corresponds to a total chl a concentration of approx. 12 µg l −1 (calculated from the regression of total chl a as function of chl a of cyanobacteria). This is close to the level of 10 µg chl a l −1 , which the WHO has proposed as the level for the low probability of adverse health effects from contact with, or ingestion or inhalation of cyanobacteria. Moderate, high, and very high risk levels are 10 to 50, 50 to 5000, and > 5000 µg chl a l −1 , respectively (Chorus & Bartram 1999) .
In the reservoirs, cyanobacteria did not always dominate at high chl a concentrations, and diatoms were responsible for the instances where chl a reached around 50 µg chl a l −1 . Hence, pigment analyses provided additional and valuable information on the potential risk of toxic cyanobacteria. For early warning of toxic cyanobacteria in freshwater reservoirs, for example used for aquaculture production, pigment analyses can provide fast and reliable results on the presence of cyanobacteria and help predict emerging incidents of toxic cyanobacteria in the water.
